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Yokohama-shi, Kanagawa, JapanABSTRACT Aquaporin (AQP) functions as a water-conducting pore. Mercury inhibits the water permeation through AQP.
Although site-directed mutagenesis has shown that mercury binds to Cys189 during the inhibition process, it is not fully under-
stood how this inhibits the water permeation through AQP1. We carried out 40 ns molecular dynamics simulations of bovine
AQP1 tetramer with mercury (Hg-AQP1) or without mercury (Free AQP1). In Hg-AQP1, Cys191 (Cys189 in human AQP1) is
converted to Cys-SHgþ in each monomer. During each last 10 ns, we observed water permeation events occurred 23 times
in Free AQP1 and never in Hg-AQP1. Mercury binding did not inﬂuence the whole structure, but did induce a collapse in the
orientation of several residues at the ar/R region. In Free AQP1, backbone oxygen atoms of Gly190, Cys191, and Gly192 lined,
and were oriented to, the surface of the water pore channel. In Hg-AQP1, however, the SHgþ of Cys191-SHgþ was oriented
toward the outside of the water pore. As a result, the backbone oxygen atoms of Gly190, Cys191, and Gly192 became disorganized
and the ar/R region collapsed, thereby obstructing the permeation of water. We suggest that mercury disrupts the water pore of
AQP1 through local conformational changes in the ar/R region.INTRODUCTIONAquaporin (AQP) functions principally as a water channel,
transporting water through biological membranes. In hu-
mans, 13 different AQPs (AQP0-12) have been identified,
each with a different tissue distribution, with some physio-
logical importance (1,2). AQP is not permeated by ions,
particularly protons, and this is critical for the homeostasis
of membrane potentials and the intracellular pH. The struc-
ture of AQP1 has six transmembrane helices (H1–H6) and
two short helices (HB and HE). Two characteristic domains
regulate water permeation through AQP1. One domain has
two highly conserved Asn-Pro-Ala (NPA) motifs, which
are held together in the middle of the membrane layer at
the two short helices, HB and HE. The Asn residues of the
two NPA motifs are close to each other, and the carbonyl
oxygens of their side chains make hydrogen bonds with
amide groups of two Asn side chains that orient the channel
pore. This orientation allows a water molecule to form
hydrogen bonds with two amide groups of the Asn residues
at center of the pore. The other domain is an aromatic
constriction region (ar/R region), formed by Phe58, His182,
Cys191, and Arg197 (in bovine AQP1) (3,4). Some studies
using molecular dynamics (MD) simulations have suggested
the presence of another energy barrier that offers both steric
and electrostatic selectivity at the ar/R region. Some AQPs
are permeated not only by water, but also by gasses, ions,Submitted July 27, 2009, and accepted for publication December 22, 2009.
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the ar/R region is slightly wider because the His residue is
replaced by a Gly residue, which allows glycerol to pass
through (9). Therefore, both the Arg and His residues of
the ar/R region and the Asn residues of the NPA motifs
have desolvating effects.
It is known that mercury inhibits most AQPs, including
AQP1, by interacting with cysteine residues (10–12). These
residues have been identified as Cys189 in human AQP1 and
Cys191 in bovine AQP1, and they exist at the ar/R region,
located 8 A˚ above the NPA region (Fig. 1 a). There are
two hypotheses for the mechanism of inhibition of AQP1
by mercury; the first is simple occlusion of the channel
pore by the mercury atom, the second is that there is a confor-
mational change at the ar/R region that includes the mercury-
sensitive cysteine residue of AQP1. To clarify how mercury
inhibits the water conductance of AQP1, we carried out MD
simulations. MD simulation is a convenient method used
commonly to obtain information regarding the dynamic
movements of protein and water molecules. The permeation
of water through AQP has been studied previously using
theoretical methods (3,13–21) but the inhibitory mechanism
by mercury has not yet been clarified. We carry out MD
simulations of a bovine AQP1, with and without adding
Hg2þ to Cys191 (or Cys152). We have compared the MD
trajectories of Free AQP1 and Hg-AQP1, to clarify how
the binding of mercury to Cys191 inhibits the permeation
of water through AQP1.doi: 10.1016/j.bpj.2009.12.4310
FIGURE 1 (a) The simulation system. The size of the initial system is
~110  110  110 A˚3. The tetramer of AQP1 (green), the lipid bilayer
(sky blue), and water molecules are shown. Water molecules are placed
20 A˚ from lipid bilayer. (b) Top (left) and side (right) views of the AQP1
monomer. AQP1 consists of six transmembrane helices: H1 (blue), H2
(red), H3 (orange), H4 (yellow), H5 (pink), and H6 (purple); and two short
helices: HB (gray) and HE (green). The gray zone indicates the location of
the membrane. The model was drawn using the program VMD (39).
TABLE 1 Parameter of Cys-SHgþ
van der Waals parameters
Atom R (A˚) ˛ (kcal/mol)
Hg(GG) 1.60 1.0
Bond distance K bond R bond (A˚)
SH-GG 600 2.350
Bond angle Kq Equilibrium value ()
CT-SH-GG 45.0 103.0
Dihedral angle Torsions (n) Barrier magnitude Periodicity
(IDIVF) (PK) (PHASE) (PN)
CT-CT-SH-GG 3 0.75 0.0 3.
H1-CT-SH-GG 3 0.75 0.0 3.
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MD simulation
To clarify the mechanism of the inhibition of water transport in AQP1 by
mercury, we carried out MD simulations of AQP1 in the presence and
absence of mercury. The initial system of Free AQP1 was constructed as
follows. The initial structure of the homotetrameric assembly of Free
AQP1 (based on the x-ray crystallographic structure (22)) was embedded
into a 1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE) bilayer and
then water molecules were added on both sides of the Free AQP1-membrane
complex. The size of the initial system was ~110 110 110 A˚3 (Fig. 1 b),
and it contained 104,990 atoms (the Free AQP1 protein, 142 POPE lipids
and 23,052 water molecules). To remove steric hindrance from the system,
we carried out 2 ns of MD simulation, and then used the final structure from
this preliminary MD simulation as the initial state of Free AQP1. For the
complex of AQP1 with mercury (Hg-AQP1), we constructed the initial
structure using the final structure from the MD simulation of Free AQP1.
It has been well established that mercury forms a covalent bond with the
sulfur atom of Cys191, because site-directed mutagenesis has identified the
Cys residue at the ar/R region as the binding site for mercury (10,11), and
because the inhibition by mercury can only be reversed by breaking the
covalent bond (10). We therefore replaced the Cys191 in each monomer
by a Cys-SHgþ residue. These two systems, Free AQP1 and Hg-AQP1,
were then used for this study.
All MD simulations were carried out using a constant number of
molecules, a pressure of 1 atom, and a temperature of 310 K, according toBerendsen’s algorithm with a coupling time of 0.2 ps after each system
had been heated to 310 K over the first 100 ps. The time step was set at
1 fs. The bond lengths involving the hydrogen atoms were constrained to
equilibrium lengths using the SHAKE method. Parm99 and gaff parameters
were used for the protein and POPE lipids. The particle mesh Ewald method
was used, and the direct space cutoff distance was set to 12 A˚. The program
package that we used for the MD simulations was Amber 8 (23).
Parameter of Cys-SHgþ residue
We have developed force field and parameter for mercury to be used in our
MD simulation. To develop force field and parameters, we referred to a
previous report by Fuchs et al. (24). Table 1 shows force field and parame-
ters of Cys-SHgþ. The geometries of the Cys-SHgþ residue were optimized
at the Hartree-Fock level, using the LANL2D and 6-31G** basis set for
mercury and the other atoms, respectively, and Gaussian03 (25). Table 1
shows van der Waals forces and bonded parameters of Cys-SHgþ. The
RESP charges were calculated and assigned using the ANTECHAMBER
module from Amber 8 (23) (see Fig. S1 in the Supporting Material).
The free energy proﬁle using umbrella sampling
We calculated the free energy profiles for water transport through AQP1
using the umbrella sampling technique (26). At this time, we used the water
transport path for Free AQP1 as the reaction coordinate. In the umbrella
sampling, a biasing potential (V, given by Eq. 1) was added to the Hamilto-
nian of the system, and the biased distributions were collected.
V ¼ 1
2
kðx  x0Þ2; (1)
where x0 is a reference value (a distance from a dummy atom to a water
molecule) on the reaction coordinate. The dummy atom was placed 30 A˚
below the center of the ar/R region, along the z axis. The umbrella potential
k was set to be 0.01 (kcal/mol A˚) and a gap distance of 1.0 A˚ was used for all
sampling simulations. We carried out a 50 ps MD simulation for each
sampling window. The biased distributions obtained using the umbrella
sampling simulations were unbiased using the weighted histogram analysis
method (WHAM) (27–29).
Diffusion permeability
The diffusion permeability was analyzed during the last 10 ns of the MD
trajectory for each system. The diffusion permeability was calculated using
Eq. 2 (21):
pd ¼ VW
NA
q0 ¼ vWq0; (2)Biophysical Journal 98(8) 1512–1519
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FIGURE 2 RMSD curves indicate the conformations of Free AQP1
(green line) and Hg-AQP1 (red line).
1514 Hirano et al.where pd (cm
3/s/pore) is the diffusion permeability coefficient per pore, VW
is the molar volume of the solvent, NA is Avogadro’s number, q0 is the
unidirectional permeation rate, and vw is the volume of a single solvent
molecule. q0 was calculated by counting the number of water molecules
passing from one side of the channel to the other per unit time. The pore
region was chosen to be the narrow central section of the channel (between
Arg197 and His182 and between Val155 and His76). The pore is 20 A˚ in
length, through which the water molecules pass in single file or nearly in
single file.Biophysical Journal 98(8) 1512–1519RESULTS
We carried out two 40 ns MD simulations of both Free AQP1
and Hg-AQP1. First, we observed the root mean-square
deviations (RMSDs) of main chain from the x-ray crystal
structure. The main chain RMSD curves for the entire struc-
tures of both Free AQP1 and Hg-AQP1 are shown in Fig. 2.
The conformations of Free AQP1 and Hg-AQP1 are stable
after 30 ns (i.e., the last 10 ns), and these RMSD values
converge to ~3.5 A˚. It is clear that the structural differences
from the crystal structure are derived, not from the relative
position changes of the four monomers, but from the confor-
mational changes within each monomer because the RMSD
values of each monomer are ~3.2–3.3 A˚. In addition, from
the x-ray structure, the main chain RMSD for the secondary
structure (H1: 3–28; H2: 38–58; HB: 67–78; H3: 82–106;
H4: 126–149; H5: 160–174; HE: 183–195; H6: 20–223) of
the Hg-AQP1 monomer and that of Free AQP1 are ~1.2 A˚,
respectively (not shown). These results indicate that the
secondary structures of Free AQP1 and Hg-AQP1 resemble
each other and remain stable, but some other parts of the
molecule (i.e., the loop regions) are flexible. The stability
of the secondary structures and the flexibility of loop regions
can also be seen by visual inspection of the final MD struc-
tures of both Free AQP1 and Hg-AQP1 (Fig. 3). We there-
fore conclude that the last 10 ns of the MD trajectories of
Free AQP1 and Hg-AQP1 had been fully equilibrated.FIGURE 3 Snapshots (40 ns) of (a) Free AQP1 and (b)
Hg-AQP1. The green ribbons and blue lines show the
helices (see Fig. 1 b) and other structures, respectively.
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FIGURE 4 The averaged radius (r) of the pore region (left) and a structural
image of the position of the water pore (right). The figure also shows the
radii of the water pores in Free AQP1 (red line), Hg-AQP1 (green line),
and the PDB structure (blue line). The vertical axis indicates the distances
toward the cytoplasm (þ) or toward the extra-cellular region () from the
center of the NPA region. The abscissa axis indicates the channel radii (r).
The radii of the water pores were determined using the program HOLE2
(40).
Mechanism of Mercurial Inhibition of AQP1 1515To check whether the binding of mercury to Cys191 had
influenced the permeation of water in AQP1, we obtained
the unidirectional permeation rate of water by counting the
number of events in which a water molecule completely
passed through the AQP1 channel pore over the last 10 ns
of the simulation. The water-conducting pore is defined as
the space between His182–Arg197 and His76–Val155. Water
permeated Free AQP1 23 times and Hg-AQP1 0 times
(Table 2), indicating that mercury binding has a strong
influence on the permeation of water through AQP1.
Fig. 4 shows the radius of the water pore along water
permeation route. The trajectory of the radius of the pore in
Free AQP1 resembled that of the x-ray structure, but we
observed that Hg-AQP1 had a slightly different trajectory
from the x-ray or Free AQP1 structures. The narrowest region
of the pore is observed at the ar/R region, and contains Cys191
both in FreeAQP1 and in Hg-AQP1.At this region, the radius
of the pore of Hg-AQP1 is smaller than that of Free AQP1,
indicating that the binding ofmercury induces conformational
changes at the ar/R region, including at Cys191. We therefore
focused on the conformational changes near Cys191 that
accompany the binding of mercury. A comparison of the
conformation at the ar/R region between Free AQP1 and
Hg-AQP1 is shown in Fig. 5. In Free AQP1, water molecules
can access the space between Arg197 and His182 and form
hydrogen bonds with amino acids, isolated from other water
molecules. The main-chain carbonyl oxygen atoms of
Gly190, Cys191, and Gly192 form a line, and are oriented inside
the water pore. At this time, Glu144 contributes to the mainte-
nance of the conformation of Gly192 and Ile193 by forming
several hydrogen bonds (Fig. 5 a). In Hg-AQP1, it is obvious
that the space between Arg197 and His182 has become too
small for water to pass through (Fig. 4 and Fig. 5 b). More-
over, the carbonyl oxygen atoms of Gly190 and Gly192 did
not orient inside the water pore, thereby not forming a line.
Glu144 formed hydrogen bonds with Gly192, but not with
Ile193 (Fig. 5 b). The positive charges of mercury and the
side chain of Arg197 repelled each other. As a result, the
side chain (-SHgþ) of Cys191-SHgþ residue was oriented
toward the outside of the water pore. This repulsion induces
the collapse of the orientation of the backbone carbonyl
oxygen ofGly190, Cys191, andGly192 and breaks the hydrogen
bonds between Glu144 and Ile193. Taking these results
together, we suggest that mercury binding induces the
collapse of orientations of the key amino acid residues near
the ar/R region, which may produce a high-energy barrier
that blocks the passage of water through the pore.TABLE 2 Comparison of water permeation between Free
AQP1 and Hg-AQP1
Time
Free AQP1
(10 ns)
Hg-AQP1(C191)
(10 ns)
Hg-AQP1(C154)
(5 ns)
Permeation events (n) 23 0 14
Water permeation rate
(water(s)/ns/monomer)
0.288 — 0.350We then investigated the effects of the collapse of the ar/R
conformation on the permeation of water by calculating the
free energy profiles. The potential mean forces (PMFs) for
the permeation of a water molecule are shown in Fig. 6. The
highest energy barriers are found at the ar/R region in both
in Free AQP1 and Hg-AQP1, although the energy barrier
for Hg-AQP1 is much higher than that of Free AQP1. Taken
together, these results demonstrate that mercury binding
causes conformational changes at the ar/R region (including
Cys191), leading to the inhibition of water permeation.
We next examine whether the binding of mercury to other
cysteine residues can induce similar conformational changes.
We constructed a Cys154-SHgþ (Hg-AQP1 (C154)) structure
using the same conditions as for Hg-AQP1 (C191) and carried
out a 35-ns MD simulation. Note that Cys154 in bovine AQP1
is corresponding to Cys152 in human AQP1 and that C152S
mutant of human AQP1 is inhibited by mercury as is wild-
type AQP1 (10). The water permeability in Hg-AQP1
(C154) and in Free AQP1 is 0.350 and 0.288 water(s)/ns/
monomer, respectively (Table 2). Our results from the MD
simulation are, therefore, consistent with the previous exper-
imental data by Preston et al. (10). Furthermore, the orienta-
tion at the ar/R region of Hg-AQP1 (C154) was not altered
(data not shown), suggesting that the conformational changes
seen in Hg-AQP1 (C191) is specific to Cys191 residue.Biophysical Journal 98(8) 1512–1519
FIGURE 5 The orientation at the ar/R region, depicted
from the top (upper) and a side (lower) view. Phe58,
Glu144, His182, Gly190, Cys191, Gly191, Ile193, and Arg197
residues are drawn using stick models. (a) The orientation
at the ar/R region in Free AQP1. Glu144 has formed
4 hydrogen bonds with both Gly192 and Ile193 (pink dotted
lines). These hydrogen bonds maintain the position of the
backbone oxygen atoms of Gly192 and Ile193 in a line. (b)
The orientation at the ar/R region in Hg-AQP1. Glu144
has formed two hydrogen bonds, only with Gly192 (pink
dotted lines). These hydrogen bonds are not sufficient to
maintain the position of the backbone oxygen atoms
Gly192 and Ile193 in a line. As a result, the backbone oxygen
atoms of Gly190 and Ile193 are not directed toward the water
pore. Mercury did not plug the water pore. Black arrows in
a and b indicate the backbone oxygen atoms of Gly190,
Cys191, and Gly192, respectively. (c) The side view of
an AQP1 monomer. The rectangular box indicates the
position of the ar/R region shown above.
1516 Hirano et al.DISCUSSION
Comparison of the water permeability results with previous
simulations and experimental data.
Our MD-derived, average unidirectional permeation rate
was calculated to be 0.288 waters/ns/AQP1 monomer. This 0
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FIGURE 6 The PMF of Free AQP1 (red) and Hg-AQP1 (green). An
energy barrier exists at the ar/R region in both structures, but the energy
barrier of Hg-AQP1 is higher than that of Free AQP1. The vertical axis
indicates the PMF value. The abscissa axis indicates distances toward the
cytoplasm (þ) or toward the extracellular region () from the NPA region.
Biophysical Journal 98(8) 1512–1519is in good agreement with the experimental data and pre-
vious MD simulations of bovine AQP1 (30,31). A previous
MD study by Mamonov et al. (30) reported that the pd of
water molecules is 0.85  1014 cm3/s/pore, as determined
using equilibrium MD simulations. From our MD simula-
tions using Eq. 2, we found pd of Free AQP1 to be
0.861014 cm3/s/pore, which is consistent with the
previous MD simulations. The experimental value of the
osmotic water permeability coefficient (pf) is ~4–10 
1014 cm3/s (32–35). pf values obtained by MD simulation
of AQP1 have been reported at ~7–10  1014 cm3/s (21).
Approximately eight water molecules exist in the pore region
that we have chosen. Finkelstein proposed for single-file
water transport, that the predicted pf/pd ratio is N or N þ 1
(36). We estimated pf, which is also in good agreement
with previous reports (21,30–36).
It is thought that cysteine residues, which exist along the
water pore of AQP1, are sensitive to mercury. There are
four cysteine residues in human AQP1: C87, C102, C152,
and C189. Preston et al. (10) have identified Cys189 as a
mercurial binding site to inhibit the water permeability by
Mechanism of Mercurial Inhibition of AQP1 1517site-directed mutagenesis experiments. We also constructed
the C152S, C189S, and C152S/C189S double mutants of
human AQP1. Note that Cys152 and C189 of human AQP1
correspond to Cys154 and Cys191 of bovine AQP1, respec-
tively. The osmotic water permeability of these mutants
was measured in the presence and absence of 300 mM
HgCl2 using the oocyte swelling assay (data not shown).
The water permeability of C152S was decreased by mercury
(as wild-type AQP1 is). In contrast, the C189S or C152S/
C189S double mutant was not inhibited by mercury, indi-
cating that Cys189 (but not Cys152) is the target residue for
mercurial inhibition of human AQP1. These results indicate
that Cys189 of human AQP1, which corresponds to Cys191 in
bovine AQP1, is a mercury sensitive residue. In our MD
simulation, the water permeation rates of Cys-AQP1
(0.350 waters/ns/monomer) and Free AQP1 (0.288 waters/
ns/monomer) were similar (Table 2). Moreover, the orienta-
tion at the ar/R region of Hg-AQP1 (C154) was not altered.
These results indicate that our MD simulations adequately
reproduced the experimental data; mercury binding at
Cys154 does not influence the water permeability of AQP1.The mechanisms of mercurial inhibition
There are two hypotheses for the mechanism of inhibition
of AQP1 by mercury; the first is simple occlusion of thechannel pore by mercury. The second is that the pore is
collapsed by conformational changes at the ar/R region,
where the mercury-sensitive cysteine residue is located.
Our MD simulation supports the second one. First, PMFs
showed that the energy barrier for Hg-AQP1 is much higher
than that of Free AQP1 at the ar/R region. Second, our MD
simulations show that mercury binding induces a collapse of
the orientation of amino acid residues at the ar/R region and
the constriction of the space between Arg197 and His182
(Fig. 5 b). In Free AQP1, four hydrogen bonds were
observed between Glu144–Gly192 and between Glu144–
Ile193 during the simulations (Fig. 5 a). However, in Hg-
AQP1, only two hydrogen bonds were kept, between
Glu144–Gly192, and no line was formed by the three residues
(Fig. 5 b). These hydrogen bonds play an important role in
forming the line of the three residues, Gly190, Cys191, and
Gly192. The line acts to guide the movement of water from
the ar/R region to the NPA region. Fig. 7 shows snapshots
of all water molecules in the pore region in Free AQP1
and Hg-AQP1 along with relevant residues. In Free AQP1,
single file orientation of water molecules was observed
(Fig. 7 a). And water molecules around ar/R region and
NPA motif formed hydrogen bonds with side chains of
Arg197 and His182 and backbone oxygen atom of Cys191
and two asparagine residues (Asn78 and Asn194) of NPA
motif, respectively. In Hg-AQP1, however, the space at ar/RFIGURE 7 Snapshots of water molecules in the water
pore depicted from a side (upper) and top (lower) view.
Phe58, Ala75, His76, Leu77, Asn78, Glu144, His182, Gly190,
Cys191, Gly191, Ile193, and Arg197 residues are drawn using
stick models and water molecules are drawn van der Waals
models. (a) The orientation of water molecules in water
pore of Free AQP1. Single file orientation of water mole-
cules was observed. Simultaneously, water molecules
around ar/R region and NPA motif formed hydrogen bonds
with side chains of Arg197 and His182 and backbone oxygen
atom of Cys191 and two Asn residues of NPAmotif, respec-
tively. (b) The orientation of water molecules in water pore
of Hg-AQP1. The space at ar/R region was too narrow to
conduct water molecules. Furthermore, water molecules
were disordered and not formed hydrogen bonds with
any amino acid residues.
Biophysical Journal 98(8) 1512–1519
1518 Hirano et al.region was too small for water to be permeated (Fig. 7 b).
Furthermore, water molecules were disordered and not
formed hydrogen bonds with protein because the line formed
by the three residues was collapsed. Our results indicate that
permeation of water is inhibited when the orientation of the
backbone oxygen atoms into a line is collapsed by mercury
binding to Cys191. Therefore, we propose that mercury
inhibits the permeation of water through AQP1 by inducing
conformational changes at the ar/R region rather than simply
plugging the pore.
On the other hand, our MD simulation can not exclude the
first hypothesis that is the simple occlusion of the pore by
mercury. Indeed, during MD simulation of Hg-AQP1
(C191), there were some moments that mercury atom exists
in the pore. Recently, Savage and Stroud (37) designed a
mutant of T183C-AQPZ and obtained a structure with two
mercury sites (both binding to Cys183) by x-ray crystallog-
raphy; the one mercury is located inside the pore that can
occlude the pore for water conduction, the other mercury is
found buried in an interstitial cavity, supporting the occlu-
sion model. The mechanism of mercurial inhibition of
AQPZ might be different from that of AQP1 because the
water permeability of WT-AQPZ is also inhibited by
HgCl2 despite no cysteine residue at the ar/R region and
because the basal water permeability of T183C-AQPZ is
slightly lower than that of WT-AQPZ. Interestingly, they
found the one mercury is interacting with Glu138 (corre-
sponding to Glu144 in bovine AQP1) that is important for
maintaining the orientation of the backbone carbonyl oxygen
of Gly190, Cys191, and Gly192 (Fig. 5 and Kozono et al. (38)).
This may imply that a similar conformational change can be
occurred in T183C-AQPZ. It is, therefore interesting to carry
out MD simulation of T183-AQPZ with mercury in the
future.SUPPORTING MATERIAL
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